Single molecule fluorescence resonance energy transfer has been extensively used to measure distance changes and kinetics in various biomolecular systems. However, due to complications involving multiple de-excitation pathways of the dyes, the absolute inter-dye distance information has seldom been recovered. To circumvent this we directly probe the relative variations in the quantum yield of individual fluorophores. B-DNA was used as a scaffold to position the donor ͑Cy3 or TMR͒ at precise distances from the acceptor ͑Cy5͒ within the Förster radius. We found that the variation in the Cy3 quantum yield is ϳ5 times larger than that of TMR. By taking into account the molecule-to-molecule variability in the acceptor/donor quantum yield ratio, the apparent fluorescence resonance energy transfer efficiencies were scaled to yield the theoretical values. We obtained very good agreement with a physical model that predicts distances along B-DNA. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1854120͔
Elucidating the various structures and dynamics of nucleic acids is essential to understanding their specific functions at the molecular level. A sensitive tool used to measure distances at the nanometer scale is fluorescence resonance energy transfer ͑FRET͒, which exploits a strong donoracceptor distance dependence ͑R −6 ͒. 1 FRET has been extensively used to study different nucleic acid forms, for example: A-, B-and Z-DNA, 2, 3 quadruplexes, 4 four-way junctions, 5 hairpins, 6 single-stranded DNAs, 7 and catalytic RNAs. 8 With single molecule FRET ͑SM-FRET͒ the dynamics of individual DNA or RNA molecules can be probed. 9 ,10 SM-FRET can be detected from freely diffusing molecules in solution, 11 or confined molecules using a variety of immobilization methods. 9 In either case, SM-FRET has been typically used to probe relative variations in FRET efficiency. Thus, the absolute inter-dye distance information has not been directly recovered, complicating the interpretation of the SM data and the comparison with bulk experiments and models. Here we describe a method to quantify the SM-FRET efficiency of immobilized DNA molecules based on the measurement of all possible photon contributions to the donor and acceptor channels. Unlike previous studies in which the fluorophores were linked to the 3Ј and/or to the 5Ј terminus of DNA, 3, 12, 13 we present results obtained from internally labeled DNA molecules, which provides a rigid scaffold to attach the fluorophores ͑i.e., no distance fluctuations due to end fraying͒.
The DNA constructs were hairpins having a 30 basepair complementary region connected by a ͑dT͒ 5 linker. The middle dT residue of the linker contained a C 6 -biotin moiety to allow the hairpin to be immobilized on a streptavidin surface. The donor was chemically conjugated to a single amine-modified dT residue on a partial DNA hairpin. Then, the partial hairpin was completed by DNA polymerase with dTTP-Cy5, dATP, dCTP, and dGTP nucleotides. The partial hairpin was designed to allow only one site for dT incorporation. Five FRET labeled DNA constructs with different donor-acceptor distances, R DA , were separately prepared using two donor-acceptor pairs, TMR-Cy5 and Cy3-Cy5. A schematic representation of the final constructs is shown in Fig. 1 .
Single molecule FRET measurements were performed using an automated confocal microscope ͑514.5 nm, 10 W excitation͒ with a flow cell permitting the continuous exchange of an enzymatic oxygen scavenging system, as previously described.
14 Direct excitation of Cy5 and the leakage of the acceptor emission into the donor channel were both Ͻ1%. Fluorescence lifetime and anisotropy measurements were performed using time-correlated single-photon counting. Anisotropy was calculated using: r͑t͒ = ͑I VV ͑t͒ − GI VH ͑t͒͒ / ͑I VV ͑t͒ +2GI VH ͑t͒͒, with G for our instrument equal to 1.
For each molecule, the donor and acceptor intensities were collected until two seconds after both fluorophores photobleached. Figure 2 shows typical time traces for the two FRET pairs on the DNA construct, ss9. In order to extract the true acceptor and donor intensities used to calculate the FRET efficiency, each trace must be corrected for background, channel cross-talk, variations in the fluorophores' quantum yields, and the corresponding detection efficiencies of the two channels. Thus, the FRET efficiency determined from the sensitized acceptor emission ͑assuming negligible acceptor leakage into the donor channel͒ is given by
where leakage of the donor emission into the acceptor channel, and ␥ is a factor that includes the quantum yields of the fluorophores and the detection efficiencies of the two channels. The ␥ factor is defined as, ␥ = / ␣ D − ␤, where is the ratio of acceptor to donor quantum yields, = 0.97 is the ratio of the detection efficiencies in the acceptor and donor channels, 14 and ␣ D is the fraction of spectral overlap of the donor emission with the donor channel. Thus, ␥ + ␤ is directly proportional to . The ␥ factor is determined experimentally from the ratio (
, where ͗I͘ and ͗IЈ͘ are calculated from the average photon counts 100 ms before and after acceptor photobleaching, respectively. Donor leakage, ␤, is calculated from the ratio
is similar to the derivation given by others, 15 however unlike previous studies that use a common mean value for ␤ and ␥, we instead correct each trace individually.
FRET efficiency determination using the donorquenching method 16 was adopted for our single-molecule analysis, by comparing the donor intensities before and after photobleaching of the acceptor dye:
where I D is the donor intensity during FRET, and I D Ј is the intensity after the acceptor has photobleached. While Eq. ͑2͒ does not require any correction factors it suffers from signalto-noise issues ͑I D is very low for high FRET efficiency͒ and does not discern between quenching due to energy transfer and that due to other processes. Agreement between the two efficiencies calculated using Eqs. ͑1͒ and ͑2͒ requires that ␤ and ␥ are properly determined. For both donor-acceptor pairs we display two traces with different ␥ values and compare the energy transfer efficiency distributions determined by Eq. ͑1͒ and Eq. ͑2͒ ͑Fig. 2͒. For reference we also show the FRET efficiency derived for the ideal case where ␥ =1 and ␤ = 0. The transfer efficiency distributions obtained by the two methods are in excellent agreement for both FRET pairs, and are either shifted to the right ͑TMR-Cy5͒ or left ͑Cy3-Cy5͒ with respect to the idealized case. The ␤ and ␥ + ␤ distributions of the two FRET pairs were compiled from over 2500 molecules. The peak value for ␤ is 0.13 for TMR-Cy5 and 0.09 for Cy3-Cy5 ͑data not shown͒. The ␤ distributions are well defined for the two donor fluorophores, with the expected higher value of the TMR leakage into the acceptor channel due to its red-shifted emission profile relative to that of Cy3. The distributions of ␥ + ␤ are given in Fig. 3 ͑inset͒. Note that these distributions are not symmetric and are clearly dissimilar. For the TMRCy5 pair, the peak value for ␥ + ␤ is 0.60 with a FWHM of 0.15; for the Cy3-Cy5 pair the peak value is 2.13 with a FWHM of 0.78. The average quantum yield ratio of Cy3 to TMR can be estimated by ͑␥ + ␤͒ TMR / ͑␥ + ␤͒ Cy3 = ␣ Cy3 / TMR , where ␣ = ␣ Cy3 / ␣ TMR = 1.7 for our setup, yielding Cy3 / TMR = 0.47, which is in close agreement to the 0.5 value calculated from Dietrich et al. 13 The Cy3-Cy5 pair has a wider ␥ + ␤ distribution compared to the TMR-Cy5 pair that we attribute to a greater intermolecular variability in the quantum yield of Cy3 as compared with TMR.
We obtained the energy transfer statistics for each construct by calculating the most probable transfer efficiency, E SM , for each individual trace ͑Fig. 2͒. Then the histogram of the E SM values for a set of over 500 molecules was used to determine the peak value E SM * . The histogram of E SM values represents a transfer efficiency distribution in which each molecule is equally weighted ͑Fig. 3͒. An alternative method for calculating the FRET efficiency is to histogram the entire concatenated data set, and obtain the peak value, E all * ; this is the common analysis approach for single molecule data. 17 Note however, that E all * weighs each molecule's efficiency by its duration. Regardless of which method is employed, the calculated FRET efficiency at the single molecule level will be incorrect if the ␥ and ␤ factors are not individually determined. Moreover, the average FRET efficiency will shift due to the asymmetric nature of the ␥ distribution if an average value of ␥ is used to calculate E all * . For example, in the case of Cy3-Cy5 the ␥ distribution is skewed toward lower values, thus using the average ␥ will result in a shift towards higher FRET efficiencies. The different analyses used to calculate the FRET efficiency agree to within 4%. 22 The FRET efficiency is also given by: E =1− DA / D , where DA and D are the lifetimes of the donor in the presence and absence of energy transfer, respectively. We measured the fluorescence lifetime and anisotropy in bulk for the free donor, the free acceptor, the donor conjugated to DNA, and the FRET-labeled DNA constructs for the two FRET pairs ͑Fig. 4͒. The lifetime of the Cy3 is extremely short ͑Ͻ0.1 ns͒ in agreement with its known low quantum yield ͑Ͻ0.04͒. The Cy3 coupled to DNA displayed lifetimes ͑am-plitudes͒ of 0.22 ns ͑0.8͒ and 0.86 ns ͑0.2͒, as shown in Fig.  4͑a͒ . The free TMR yielded a single lifetime of 2.4 ns, and the TMR coupled to DNA displayed a second lifetime component at 4.4 ns with a relative amplitude of 0.14 ͓Fig. 4͑b͔͒. The double exponential lifetime distributions are likely due to a fast exchange between two conformational states of the dye coupled to DNA: a state in which the dye is primarily surrounded by polar water molecules ͑shorter lifetime͒, and a state in which the dye stays in close proximity to the lesspolar DNA ͑longer lifetime͒. 18 Upon acceptor conjugation, both donors show at least four lifetimes ͑Fig. 4͒.
Given the complexity of the donor lifetimes, it is reasonable to expect that many donor relaxation pathways are present. In addition, other complications exist. Cy5 is known to isomerize between a fluorescent trans and a dark cis state, 19 and to have a significant triplet state, especially in an oxygen depleted environment. 20 Donor triplet to acceptor triplet energy transfer and donor singlet to acceptor triplet transfer are both possible, and although some studies have indicated that those efficiencies are similar to the traditional singlet-singlet transfer process, 20 it is unclear that this would always be the case, especially if different donor fluorophores are used. Closer inspection of the traces given in Fig. 2 indeed shows a significant donor intensity during FRET, for a donor-acceptor separation that should theoretically yield nearly 100% efficiency, and thus should result in negligible donor intensity. Therefore, for a certain fraction of time some processes other than energy transfer take place, and this fraction differs in magnitude depending on the donor fluorophore.
A quantitative delineation of the fraction and magnitude of all possible photophysical processes requires an involved multiparameter approach capable of discriminating the multiple lifetime components for each molecule. 21 This is beyond the scope of the current communication. Instead, we fit the data using two variables, R 0 , the Förster radius, and a scaling factor, c, that accounts for all other ͑non-FRET͒ processes, yielding an apparent FRET efficiency:
We estimated R DA based on a model structure of B-DNA in solution: tively ͑which includes the physical linkers and the radius of B-DNA͒, = ⌬n ϫ 36°+ 0 is the angle between the dyes where 0 is the angular separation of the dyes for ⌬n = 0, and L represents the axial separation between the dyes for the case of ⌬n = 0. For the constructs used in this study, the donor and acceptor fluorophores are linked to the C5-methyl group of internal thymines. Considering the physical geometry and the structural rigidity of internal bases we set L =0 and use 0 = 0°and 0 = 240°when the dyes are conjugated to the same strand and opposite strands, respectively. Figure 5 shows the measured energy transfer efficiencies plotted as a function of ⌬n and R DA . We use Eq. ͑3͒ to fit the FRET efficiency values as a function of R DA with c = 0.88 and R 0 = 65 Å for TMR-Cy5, and c = 0.68 and R 0 = 54 Å for Cy3-Cy5 ͑inset͒. The data shows excellent agreement with Eq. ͑3͒ yielding Förster radii in accord with the published values. 13 The main figure shows the energy transfer efficiency as a function of ⌬n with the same fit lines as in the inset expressed as a function of ⌬n. The fact that an excellent agreement was obtained using a single scaling factor for all inter-dye separations indicates that photophysical effects and FRET can be decoupled in this distance range. We have presented a method to use FRET at the single molecule level in order to determine the inter-dye distance on internally labeled DNA molecules. Our method involves the determination of the quantum yield ratio for each FRET trace, which is used to correct the efficiency according to Eq. ͑1͒. Using this correction we obtain excellent agreement between FRET efficiencies calculated based on sensitized acceptor emission ͓Eq. ͑1͔͒ and donor quenching ͓Eq. ͑2͔͒. We have found that the intermolecular variations in are ϳ5 times larger for the Cy3-Cy5 pair as compared with TMR-Cy5, regardless of the donor-acceptor separation, indicating that the variability in is intrinsic to the FRET pair. Moreover, the asymmetric distributions indicate that the FRET efficiency of a single molecule requires individual correction.
The FRET efficiency calculated from our data agrees very well with a theoretical estimation based on the B-DNA structure, when a scaling factor c is introduced ͓Eq. ͑3͔͒. The scaling constant reflects the fact that competing de-excitation pathways exist, and we found that for the DNA constructs studied, its value is intrinsic to the donor-acceptor pair. Based on the fit we found c = 0.88 for TMR-Cy5 and 0.68 for Cy3-Cy5. These numbers can be used to obtain the inter-dye distances of similar internally labeled DNAs, and in particular be applied to cases in which R DA fluctuates in time. The recovery of the time-dependent physical distance between the dyes in the SM-FRET experiment is especially important for cases where a complicated relationship between the DNA kinetics and its structure is expected.
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